We have used mapping of large T, oligonucleotides to examine the genome of Rous-associated virus-0 (RAV-0), an endogenous virus of chickens, and to compare it with that of Prague strain Rous sarcoma virus, subgroup B, (Pr-RSV-B), an exogenous sarcoma virus. To extend the sensitivity of such comparisons, we have developed a system of nucleic acid hybridization and hybridization-competition combined with fingerprinting. This method allows us to estimate the relative degree of relatedness of various portions of the viral genomes. From the results of this study, we have concluded that the genomes of Pr-RSV-B and RAV-0 are related in the following way. The 5'-terminal half of the genomes (corresponding to the gag and pol regions) is virtually identical, with only scattered single nucleotide differences. This region is followed by a region comprising 25 to 30% of the genome (the env region) which contains substantial nucleotide sequence differences, most or all of which are due to single base changes. The envcoding region can be further subdivided into three regions: a more variable region probably containing sequences coding for subgroup specificity, flanked by relatively common sequences on each side. To the 3' side of the enu region, the RAV-0 genome contains a very short sequence not found in Pr-RSV-B, whereas the Pr-RSV-B genome contains a much longer unrelated sequence. The central portion of this sequence comprises the src gene as defined by transformation-defective mutants. Particularly striking is the absence, in the RAV-0 genome, of any nucleotide sequence related to the "c region" found very near the 3' end of all exogenous tumor viruses. Both the Pr-RSV-B and RAV-0 genomes contain the identical terminally redundant sequence of 21 nucleotides near each end of the genome.
Rous-associated virus-0 (RAV-0), an endogenous virus of chickens, and to compare it with that of Prague strain Rous sarcoma virus, subgroup B, (Pr-RSV-B), an exogenous sarcoma virus. To extend the sensitivity of such comparisons, we have developed a system of nucleic acid hybridization and hybridization-competition combined with fingerprinting. This method allows us to estimate the relative degree of relatedness of various portions of the viral genomes. From the results of this study, we have concluded that the genomes of Pr-RSV-B and RAV-0 are related in the following way. The 5'-terminal half of the genomes (corresponding to the gag and pol regions) is virtually identical, with only scattered single nucleotide differences. This region is followed by a region comprising 25 to 30% of the genome (the env region) which contains substantial nucleotide sequence differences, most or all of which are due to single base changes. The envcoding region can be further subdivided into three regions: a more variable region probably containing sequences coding for subgroup specificity, flanked by relatively common sequences on each side. To the 3' side of the enu region, the RAV-0 genome contains a very short sequence not found in Pr-RSV-B, whereas the Pr-RSV-B genome contains a much longer unrelated sequence. The central portion of this sequence comprises the src gene as defined by transformation-defective mutants. Particularly striking is the absence, in the RAV-0 genome, of any nucleotide sequence related to the "c region" found very near the 3' end of all exogenous tumor viruses. Both the Pr-RSV-B and RAV-0 genomes contain the identical terminally redundant sequence of 21 nucleotides near each end of the genome.
Endogenous oncovirus genomes have been observed in the DNA of uninfected cells of many vertebrates. In chickens, these viruses can be classified into two types: complete and incomplete. Incomplete "virus" genomes lead to the production of proteins (chicken helper factor and group-specifc antigens) closely related to structural proteins of exogenous genomes (5, 16 ), but not virus particles; complete genomes give rise, in cells from some lines of chickens, to infectious virus (for a review, see H. Robinson, Curr. Top. Microbiol. Immunol., in press). In contrast to the situation with mice, only a few very closely related or identical complete endogenous viruses have been found in chicken cells. The best studied of these viruses is Rous-associated virus-0 (RAV-0) spontaneously produced by cells of certain line 7 or line 100 chickens (12, 45) . This virus is closely related to exogenous viruses of chickens as determined by antigenicity and polyacrylamide gel electrophoresis of virion proteins (27, 33, 37) and by cross-hybridization of virion RNA and DNA (23, 29, 39) .
In spite of this close relationship, RAV-0 differs from exogenous avian oncoviruses, such as Rous sarcoma virus (RSV) and other strains of RAV, in at least three major properties; (i) it does not induce any disease in chickens made viremic after either spontaneous expression of the virus or exogenous infection of the animals (28); (ii) RAV-0 virion glycoproteins confer the host range and antigenicity of subgroup E to the virus (48)-a subgroup never found in viruses isolated from naturally occurring tumors; and (iii) it is subject to a partial growth restriction in certain types of cells (25, 34) . The molecular basis and interrelationship of these differences are poorly understood.
The close chemical relationship of exogenous and endogenous tumor viruses makes it clear that a large portion of the genomes of these viruses must have evolved from a common ancestor. As a first step toward attempting to infer the mechanisms involved in such evolution,
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we have used oligonucleotide mapping combined with nucleic acid hybridization to examine and compare the genomes of RAV-0 and a "standard" strain of RSV. Our results, presented below, imply a role for both recombination and point mutation selection events in specific parts of the genome in the processes that give rise to avian tumor yirus genomes. A preliminary report of part of this work has been previously presented (8) .
MATERIALS AND METHODS Cells and viruses. Prague strain RSV subgroup B (Pr-RSV-B) was derived by cloning infected cells in soft agar from a stock previously used by us for physical mapping studies (7) . This clone, designated 3H, was identical to the standard virus previously used by us and others (1, 7, 20) , as determined from its fingerprint ( Fig. 1) , and had a very low proportion of transformation-defective (td) virus. It was routinely grown in SPAFAS C/E chf-gs-chicken embryo fibroblast cultures. All cultures used to grow the virus for complementary DNA (cDNA) or RNA were derived from the same embryo.
RAV-0 was harvested from the supernatant medium of V+ C/0 line 100 chicken cells (12) . All cultures were derived by passage of a culture originally provided by G. Cooper. We have also examined virus spontaneously released from closely related V+ C/A line 7 cells, as well as virus induced by bromodeoxyuridine from line 7 cells (35) . All of these viruses yielded identical fingerprints. Viral RNA and DNA. 32P-labeled viral RNA was prepared from the supernatant medium of cells labeled with 32PO4 (5 or 10 mCi per 100-mm culture dish) for 2 days and harvested daily for 4 days after the beginning of the labeling period. 70S RNA was prepared from virions as previously described (7) . For oligonucleotide mapping, RAV-0-producing cell cultures were labeled with [3H]uridine (20 Ci/mmol, New England Nuclear Corp.) under the same conditions, except that virus was harvested at 12-h intervals. Such virus has a ratio of degraded to intact virion RNA suitable for physical mapping without further treatment (7) .
For preparation of cDNA, virions were purified by equilibrium density gradient centrifugation. Typical reactions contained 1.5 mg of virion protein in 2 ml of 50 mM Tris-hydrochloride (pH 8.3), 5 mM MgC92, 30 mM dithiothreitol, 0.02% (wt/vol) Triton X-100, 2 mM each of dATP, dGTP, dCTP, and dTTP, and 2 mg of DNase-digested salmon sperm DNA per ml (43) . The dTTP was adjusted with [3H]dTTP (New England Nuclear) to a specific activity of 2 x 106 cpm/Mmol to quantitate the product and monitor its purification. Reactions were incubated at 370C for 16 to 18 h, and the DNA synthesized was purified by sodium dodecyl sulfate-Pronase digestion, phenol extraction, alkaline hydrolysis, and chromatography on Sephadex G-100 essentially as previously described (31 Fig. 7 ).
3'-Terminal fragments. The procedure for preparation of poly(A)-containing fragments of virus RNA has been described in detail (7) . Briefly, 70S (3) and quantitated relative to the G-containing product (2).
Physical mapping of the large T, oligonucleotides was performed by the procedure of Coffin and Billeter (7) as modified (9) Oligonucleotides were scored as common if: (i) they had identical mobilities in the two dimensional gels; (ii) they yielded identical digestion products with RNase A (except for small discrepancies in the number of C and U residues); and (iii) their map positions were nearly identical. Note that the left-hand (5') half of these two genomes (constituting the gag andpol genes) contains 10 of the 13 mapped common oligonucleotides. The remaining three common oligonucleotides are all in the env region. One of these three (oligonucleotide 4) is found in all strains of avian leukosis virus (subgroups A to E) so far examined; another (oligonucleotide 10) has been observed in all endogenous and many exogenous avian leukosis virus strains regardless of subgroup. Because there is a small uncertainty in the order of large oligonucleotides obtained by our procedure, the RAV-0 and Pr-RSV-B maps were adjusted slightly to put identical oligonucleotides in identical (or analogous) positions. This adjustment was performed by examining the original data for both maps and using the estimate of position considered to be more reliable. Small errors (one to two oligonucleotides) in relative location probably still remain, but those do not affect conclusions from the experiments that follow. The adjusted oligonucleotide maps are shown in Fig. 2E .
Analysis of relationships by hybridizations and fingerprinting. The fingerprinting method used here is very sensitive to small differences in nucleotide sequence. At least four VOL. 28, 1978 on January pairs of oligonucleotides (9 and 308, 2 and 012, 15 and 01, and 20 and 111) probably differ by only one or a few nucleotide changes, as judged by their mobilities (Fig. 1) , patterns of RNase A digestion products (Table 1) , map locations ( Fig.  2) , and the observation that recombinants between Pr-RSV-B and RAV-0 contain one member of each pair or the other but never both (P. Tsichlis, personal communication). Because of its sensitivity to small nucleotide differences, direct comparison of fingerprints cannot easily be used to assess the extent of sequence relationships in regions of nonidentical sequence. To surmount this problem, we have taken advantage of the relative insensitivity of nucleic acid hybridization to small differences in nucleotide sequence. Our approach is outlined in Fig. 3 .
[32P]RNA from one virus is annealed with unlabeled cDNA complementary to the genome of another virus. An imaginary example of such a heteroduplex is shown in Fig. 3A . The hybrids are then treated with RNase T1 or RNase A plus T1 and separated from relatively low-molecularweight digestion products by chromatography Fig. 3B . By using the same pair of viruses as an example, unlabeled cDNA from virus a is annealed with unlabeled RNA from virus b. The hybrid formed is then tested by subsequently annealing with 32P-labeled RNA from virus a. The hybrid is again isolated after RNase A plus RNase T1 digestion, and its complement of large oligonucleotides is determined. Oligonucleotides in closely related regions (A, B, and C) will be competed for by the unlabeled RNA and, therefore, will not be found in the fingerprint. Oligonucleotides in unrelated regions (F) will not be competed for and will appear in the fingerprint, as will oligonucleotides in short regions of substantial homology in otherwise unrelated regions (G), because the labeled RNA will displace the competitor from the hybrid. Conversely, substantially unrelated oligonucleotides in a region of high homology (E) would not leave sufficient open regions for hybrid formation with the labeled RNA, and such oligonucleotides will not appear in the fingerprint.
Characterization of Pr-RSV-B and RAV-0 cDNA probes. We have applied these approaches to the analysis of sequence relationships between the genomes of RAV-0 and Pr-RSV-B. cDNA's were prepared by using the endogenous DNA polymerase activity of the two viruses with the addition of oligodeoxynucleotide primers (43) . To characterize these DNAs and establish conditions for fingerprinting experiments, saturation hybridization and hybridization-competition curves were obtained by using these DNAs and labeled 70S RNA from the two viruses (Fig. 4) . At the apparent saturation point, Pr-RSV-B cDNA protected approximately 90% of the Pr-RSV-B and 80% of the RAV-0 RNA from RNase digestion. The RAV-0 cDNA protected 90% of RAV-0 [:32P]RNA but only 40% of the Pr-RSV-B RNA. These results are consistent with those reported by others (23, 29, 39) and suggest that nucleotide sequences homologous to most of the RAV-0 genome are found in the Pr-RSV-B genome, whereas only about 50% of the Pr-RSV-B genome is contained within the RAV-0 genome.
Analysis of the cDNA's and viral RNAs by hybridization-competition is shown in Fig. 4C and D. Two steps were taken to reduce to a minimum the amount of reagents necessary for this experiment. Because preliminary fingerprinting experiments (see below) showed that the viral genomes were uniformly protected from RNase A plus T1 digestion by homologous cDNA at ratios of DNA:RNA sufficient to yield substantially less than 100% hybridization, the DNA:[32P]RNA ratio in these experiments was adjusted to give approximately 30 to 60% hybridization in the absence of competitor. Additionally, the competition-hybridization was done in two steps: first, the cDNA was preannealed with unlabeled RNA; then, the labeled RNA was added and the mixture was annealed again for the same amount of time. An example of the advantage of the two-step procedure over the more standard method of mixing all reagents together initially is shown in Fig. 4C . In the experiment shown, competition of hybridization of Pr-RSV-B [32P]RNA to Pr-RSV-B cDNA was essentially complete at a ratio of RAV-0 to Pr-RSV-B RNA of 2.5, whereas a ratio of more than 10 was required for a similar extent of competition by using the standard method. The results of these experiments are somewhat different from the direct hybridization analysis shown in Fig. 4A and B, because in both cases the heterologous competitor RNA gave a maximum of about 70% competition. We attribute this apparent difference both to the small number of points taken for this preliminary experiment and to the greater sensitivity of the competition method to differences in the env region (see below).
Note that the amounts of RNAs and cDNA's required for these experiments were quite small. Fingerprinting ofhybrids obtained under various conditions. From the results of the experiments shown in Fig. 4 , conditions were established for large-scale hybridization experiments. This was done by selecting the direct hybridization ratios that gave approximately 50% of homologous hybridization, or competition ratios sufficient to ensure that all possible cDNA was hybridized to competitor, and multiplying the amount of each reagent by an amount sufficient to yield enough radioactivity in the hybrid for a visible fingerprint (e.g., 105 cpm for the total genome). Hybrids were isolated by chromatography on Sephadex G-100 essentially as described previously (31) Fig. 5 and 6 and summarized in Table 2 . Figure 5 shows fingerprints of hybrids obtained with Pr-RSV-B cDNA. From the homologous hybridization (Fig. 5C) hybridization-competition experiment was performed (Fig. 5D ). Pr-RSV-B cDNA was annealed with a fourfold excess of unlabeled RAV-0 RNA and subsequently with Pr-RSV-B [32P]-RNA. From the results of this experiment, the Pr-RSV-B genome can be divided into four segments (see the map in Fig. 2 Fig. 5C and D (data not shown) . Instead of unlabeled RAV-0 RNA, the Pr-RSV-B cDNA was annealed first with Pr-RSV-B RNA at two different concentrations. When an amount of Pr-RSV-B RNA identical to that of RAV-0 RNA (Fig. 5C ) was used, no oligonucleotides were found. However, when an amount of Pr-RSV-B RNA calculated to give an equivalent amount of competition (51%) as seen with RAV-0 RNA was used, oligonucleotides 13 and 1 were present in a higher yield than the others in the fingerprint. We interpret this result as indicating an excess of sequences complementary to these oligonucleotides in the DNA preparation. It has been reported that such DNA species constitute a large majority of Pr-RSV-B cDNA made without primers (4) . For this reason, we cannot interpret the failure of oligonucleotide 13 of Pr-RSV-B RNA to be competed as due to nonhomology in nucleotide sequence. As we will show below, oligonucleotide 13 is identical in the two viruses and in a very similar environment. Figure 6 shows the results of a similar hybridization experiment with RAV-0 cDNA. Again, this cDNA represented, in approximately equal amounts, all portions of the RAV-0 genome detectable as large oligonucleotides (Fig. 6C) . The hybrid of Pr-RSV-B [32P]RNA to RAV-0 cDNA prepared with RNase T, and RNase A (Fig. 6A) again contained the set of oligonucleotides identical in the two genomes plus oligonucleotide 15 and, in reduced yield, oligonucleotides 1 and 24. In contrast to the results shown in Fig. 5B , a larger set of Pr-RSV-B oligonucleotides was absent from hybrids prepared with RNase T1 alone (Fig. 6B) . As in the case of the hybrid between RAV-0 RNA and Pr-RSV-B DNA, two subgroup-specific oligonucleotides (33 and 35) were not present in the hybrids. In addition to these, however, the five oligonucleotides nearest the 3' end (14, 27, 5 , and the two components of 6) were not present. This result indicates the absence from the RAV-0 genome of sequences detectably related either to the src gene as defined by deletion mutants (oligonucleotides 5 and 6; reference 7) or to the genetically undefined region between src and env. Figure 6D shows a fingerprint of a hybrid between RAV-0 [32P]RNA and RAV-0 cDNA prehybridized to Pr-RSV-B RNA. This experiment yielded results analogous to those found in the converse experiment (Fig. 5D) . With the exception of oligonucleotide 13, the 5' portion of the RAV-0 genome (through 103) was competed by Pr-RSV-B RNA. The subgroup-specific region (4 through 02) was not effectively competed and the segment toward the 3' end of the glycoprotein coding region (37, 10, Terminal regions of the virus genomes. The sort of methodology used in the previous experiments can be extended to specific regions of the genome by using either cDNA selected to be complementary to a specific region of the genome or labeled RNA selected from a specific region. In either case, a fingerprint is obtained which represents a less complex RNA species and thus permits the resolution of small oligonucleotides found only in mixtures in a fingerprint of the total genome. Examination of these small, pure oligonucleotides allows a detailed characterization of specific portions of the virus genome.
We have applied this approach to a comparison of nucleotide sequences near the 5' and 3' termini of the Pr-RSV-B and RAV-0 genomes.
As a specific probe for S'-terminal sequences strong-stop DNA from Pr-RSV-B was used. This DNA species is a copy of the 5'-terminal 101 nucleotides of the viral genome (10, 18, 38) . We have previously characterized five Pr-RSV-B oligonucleotides in this region. These oligonucleotides were precisely located relative to the 5' end by reference to nucleotide sequence of strong-stop DNA (11) . Figure 7 shows the fingerprints of 32P-labeled Pr-RSV-B (Fig. 7A) and RAV-0 (Fig. 7B ) RNA in hybrids with Pr-RSV-B strong-stop DNA. The hybrids were prepared with RNase T, alone by using the same methodology as before. All oligonucleotides from these fingerprints were identified by their mobility and RNase A digestion products (data not shown). Of the five characteristic oligonucleotides from this region, four (13, after digestion with RNase T, alone, and fingerprinted. To retain the smaller oligonucleotides, electrophoresis in the second dimension was until the bromophenol blue dye had migrated 12 cm instead of the usual 18 cm. Numbering of the oligonucleotides is the same as described (11 (10, 18, 36) . This terminally redundant sequence probably plays an important role in RSV replication by base pairing with its complement at the 3' end of strong-stop DNA to provide a template primer pair for elongation of minus-strand proviral DNA from the 3' end of the genome (6). The 5' copy of the redundant sequence constitutes the 5'-terminal portion of oligonucleotide 13. In the experiments presented above, oligonucleotide 13, and therefore the 5' copy of the redundant sequence, was scored as being identical in Pr-RSV-B and RAV-0. The 3' copy of the redundant sequence is not seen by this procedure because it remains attached to the poly(A) (10) . To confirm the identity of the 5' sequence and test the prediction that both genomes should have the identical 3' redundant sequence, the 3'-terminal poly(A)-containing oligonucleotide was isolated from RAV-0 [32P]-RNA. The products obtained from this sequence by digestion with RNase A and U2 were compared with the products obtained from the 5' end (oligonucleotide 13) of the RAV-0 genome and those of Pr-RSV-B 5' and 3' ends. Identical digestion products were obtained from the termini of the two virus genomes (data not shown), and therefore these two viruses most likely have identical terminally redundant sequences. Nucleotide sequences near the 3' end of the viral genomes. A sequence of approximately 900 nucleotides adjacent to the poly(A) has been reported to be highly conserved among different strains of avian leukosis and sarcoma viruses (46, 47) . This nucleotide sequence, designated as the "c region," is of unknown genetic function. To test for its presence in the genome of RAV-0, 3'-terminal fragments of Pr-RSV-B and RAV-0 70S RNA with an average length of approximately 300 to 500 nucleotides were prepared by partial alkaline hydrolysis and chromatography on poly(U)-Sephadex. Fingerprints of these fragments are shown in Fig. 8A and B. It is readily apparent that these regions are quite different in nucleotide sequence. Of the approximately 12 large oligonucleotides likely to be unique in an RNA fragment of this size, none of the oligonucleotides of Pr-RSV-B was found in the RAV-0 genome. Similarly, none of the RAV-0 3' proximal oligonucleotides, with the exception of 10, was found in Pr-RSV-B RNA. Note that this region of the RAV-0 genome contains, in high yield, two oligonucleotides (03 and 08) which are unique in the fingerprint of total 70S
RNA. This result is in contrast to that with Pr-RSV-B and all other strains of exogenous avian leukosis virus in which the 3'-terminal 500 or more nucleotides yield no large oligonucleotides. Note also that oligonucleotide 10 is present, albeit in low yield, in the fingerprint of the RAV-0, but not the Pr-RSV-B 3'-terminal region. Thus, there must be substantially less information between this last common oligonucleotide and the poly(A) in the RAV-0 genome than in the Pr-RSV-B genome.
To ensure that none of the oligonucleotides of these virus RNAs, particularly oligonucleotide 08 which is quite A rich (8 A residues per 19 nucleotides; Table 1 ) was capable of binding to the poly(U) column as a result of its own A content, RAV-0 and Pr-RSV-B [32P]RNA were digested completely with RNase T1, and the material capable of binding to a poly(U)-Sephadex column was isolated and fingerprinted. From the RAV-0 RNA, only the poly(A) was found (data not shown). In Pr-RSV-B RNA, only oligonucleotide 1 (18 A residues per 27 nucleotides) was found to bind to poly(U)-Sephadex. [In intact or partially degraded RNA, oligonucleotide 1 must be blocked from binding to poly(U), probably as a result of internal hydrogen bonding.]
The fingerprints in Fig. 8A and B show that the 3'-terminal regions of Pr-RSV-B and RAV-0 RNA are substantially unrelated. To determine whether nucleotide sequences related to the terminal regions were present elsewhere in the genomes of these two viruses, slightly longer 3'-terminal fragment preparations were annealed with total cDNA from each virus. Hybrids were prepared by using RNase T, alone.
Fingerprints of the hybrids with Pr-RSV-B DNA (Fig. 8C and D) show that the Pr-RSV-B cDNA contained nucleotide sequences complementary to the entire 3'-terminal region of Pr-RSV-B RNA and to most of the RAV-0 3'-terminal region with the exception of oligonucleotide 08 and a few smaller oligonucleotides (underlined in Fig. 8F ). In contrast, RAV-0 cDNA hybridized to all of its own 3'-terminal sequence (Fig. 8F) but none of Pr-RSV-B (Fig. 8E ). This experiment also shows a significant variability in the extent of relatedness of various portions of the RAV-0 3' proximal sequence to the Pr-RSV-B cDNA, because oligonucleotide 10 was much more prominent relative to 03 in the RAV-0 3' end hybridized to Pr-RSV-B cDNA (Fig. 8F) than that hybridized to RAV-0 cDNA (Fig. 8D) .
From this experiment, we conclude that the RAV-0 genome does not contain nucleotide sequences related to those found near the 3' end of the Pr-RSV-B genome. The Pr-RSV-B genome does contain nucleotide sequences at least distantly related to most of those near 3' end of the genome. However, the RAV-0 cDNA did not protect any nucleotide sequences in Pr-RSV-B RNA to the right of oligonucleotide 21. Therefore, the Pr-RSV-B sequence related to the re- Fig. 9 . Before discussing this map, we wish to bring up several general points concerning these experiments.
(i) At the present state of the art, oligonucleotide maps do not yield precise locations, but rather yield only positions of oligonucleotides relative to one another. For the purpose of drawing these maps, we have assumed the oligonucleotides to be uniformly distributed across the genome. By this reasoning, the 30 oligonucleotides of Pr-RSV-B should average 330 nucleotides apart. However, the c region of this genome has been measured by heteroduplex mapping at 800 to 900 nucleotides (22) , but yields no large T, oligonucleotides. Thus, interpretation of oligonucleotide maps to yield physical distances must be approached with great caution.
(ii) The large oligonucleotides represent only a sample constituting about 6% of the virus genome (2), and small but biologically important differences could escape notice in comparisons of this sort. Nevertheless, this methodology is much more sensitive than other methods available. For example, heteroduplex mapping (22) and cross-hybridization experiments (41) show little or no difference between enu genes of different subgroup specificity. Also, whenever, a selected probe is available, for example, near the 5' and 3' ends, the sensitivity of our approach is readily increased.
(iii) The results of these experiments give qualitative estimates of the relative extents of sequence divergence of various portions of the genome, but are difficult to interpret quantitatively. In the case of closely related sequences, a rough guess can be made, assuming the oligonucleotides are representative. For example, of the 15 5' oligonucleotides of Pr-RSV-B, 5 are not found in RAV-0. These differences represent a minimum of 5 (20) . Conversely, only a portion of the oligonucleotides mapped in env from deletion mutants has been found to segregate with subgroup specificity. -In the case of the env gene, analysis of the 28S putative mRNA species (19, 49) suggests that the 5' end of the env-coding region is between oligonucleotides 32 and 4 (26; our unpublished data). Unambiguous results have not yet been obtained for the 21S src mRNA (26) . The gag-pol border is even less well defined, because deletion mutants in this region are not available, and the combined gene products are most likely translated from the same mRNA (30) .
From the relationship map ( Fig. 9) , it is clear that there are substantial differences in relationship of different regions of the viral genomes. The 5' half, containing the redundant sequence, the complement of strong-stop DNA, and the gag andpol genes, is very closely related in these two viruses. This close relationship is not surprising in view of the functional identity of virion proteins encoded by this region, although small differences in electrophoretic mobility between the gag proteins of these viruses can be detected (33, 37) . It is possible that the small differences represented by the different oligonucleotides in this region of the virus genomes have some biological significance, because recombinants between RAV-0 and Pr-RSV-B selected as envE src+ always have oligonucleotide 15 (Fig. 8E) . The nucleotide sequence of the Pr-RSV-B genome between oligonucleotide 21 and the 3' copy of the redundant sequence apparently has no homology at all in the RAV-0 genome. The function of the left-hand part of this region is unknown. It may be a continuation of the Cr portion of the env region, or it may be part of the src gene, or it may have a role in processing of the src mRNA. In the former case, there should be a substantial difference in the structure of the RAV-0 and Pr-RSV-B glycoproteins. In the latter cases, it should be genetically linked to src. Preliminary results suggest that this part of the genome is linked to src in recombinants between Pr-RSV-B and RAV-0 (P. Tsichlis, personal communication).
The absence from the RAV-0 genome of any nucleotide sequence related to the c region is particularly striking, because this sequence has been reported to be quite highly conserved among exogenous avian oncoviruses (46, 47) . Some preliminary reports have suggested that this region may have a gene product (32) , but there is no genetic evidence associating any viral function with the c region, and it is not excluded that it forms part of the src gene. Because this region of the viral genome has been found to be duplicated at the left side of the integrated DNA provirus, it has also been suggested that it may be important in the regulation of viral RNA synthesis (J. Taylor and H. Varmus, personal communications). Such a hypothesis would be consistent with the lower rate of virus production in RAV-0 as compared with RSV-infected cells (25, 34) . The absence in the RAV-0 genome of any sequence detectably related to the c oligonucleotide is particularly interesting, because this oligonucleotide has been found in all exogenous avian leukosis virus stains (1, 47; our unpublished data). Recent evidence from DNA sequencing has shown this oligonucleotide to be 21 to 32 nucleotides from the poly(A) and immediately adjacent to the redundant sequence (D. Schwartz and W. Gilbert, personal communication). Therefore, the nonidentity in the 3' ends of these two viral genomes begins at or slightly after the 22nd nucleotide from the poly(A).
These results are consistent with and extend those of Neiman et al. (29) , who found that the only differences in the Pr-RSV-B (or Pr-RSV-C) and RAV-0 genomes detectable by stringent hybridization of labeled RNA to infected or uninfected cell DNA resided in the 3' proximal portions of the two genomes, although their results suggested a somewhat longer region of nonhomology in RAV-0 than we find. This discrepancy between our results and those of Neiman et al. (29) could reflect either an uneven distribution of oligonucleotides near the 3' end or that the relationship of the region of the RAV-0 genome containing oligonucleotide 03 is not detected in a more stringent hybridization assay.
In addition to its different subgroup, RAV-0 differs from exogenous viruses in at least two significant properties: it does not cause any disease in animals (28) , and it is susceptible to an intracellular restriction of its replication not found in exogenous virus (25, 34) . How these properties are related to one another and to the sequence differences in the viral genomes is not yet known. Because the major differences between the genomes of Pr-RSV-B (and other exogenous viruses) and RAV-0 (and other complete endogenous viruses; J. Coffin and H. Robinson, unpublished data) are near the 3' end, it is tempting to postulate a role of these sequences also in leukemogenesis, or intracellular growth restriction, or both.
Implications for the evolution of tumor viruses. Interpretation of our results in terms of how avian tumor viruses might have evolved is complicated by the high recombination rates of these viruses and the uncertain passage history of most laboratory strains of exogenous virus. It is likely that the original strain of Pr-RSV-B was passaged on cells expressing RAV-0 or other endogenous viral genes and acquired sequences from these endogenous viruses. The possibility of a convergent evolution by this sort of mechanism makes it very difficult to infer the actual events giving rise to the diversity of these viruses. Nevertheless, Pr-RSV-B remains a virus capable of causing tumors in animals, and all the RAV-0 used for these experiments was obtained directly from spontaneously producing (line 100) cells. Thus, the viruses examined here must retain the biologically important sequence differences.
From the results presented here, it is clear that a major portion of each virus must have evolved from a common ancestor or ancestors. We do not know which virus, if either, is closer to these ancestral sequences. It is not improbable, however, that tumor-producing viruses are recently evolved from endogenous "viral" genes along the lines originally suggested by Temin (44) . We will therefore consider a hypothetical pathway leading from RAV-0 to exogenous viruses.
In such a pathway, the 5' portion of the genome, including the terminal untranslated region and the gag and pol genes, must have been highly conserved. It is uncertain whether the small sequence differences in this part of the genome would have profound biological effects on the virus.
The env genes also vary largely or entirely by small changes. In this case, however, the changes are much more extensive and reduce the overall homology to a low level, such that cross-hybridization in this region is not observed under conditions of high stringency. It is highly likely that a number of changes in the env region must occur together to lead to an altered subgroup, because a number of oligonucleotides are linked to subgroup specificity, and mutations from one subgroup to another have not been found.
As mentioned above, it is likely that the genome of RAV-0 ends very near the 3' end of the region coding for envelope glycoprotein. All other strains of avian tumor viruses so far examined, however, contain additional information at the 3' end. In all cases this information contains the c oligonucleotide, and it therefore is likely that both sarcoma and leukemia viruses may have evolved at least partially by the same pathway. One way this could occur is by addition of a sequence containing c at the 3' end of RAV-O followed by the insertion of the src sequence between c and env. A simple mechanism would be to add the src gene and c region simultaneously by recombination of a RAV-0-type virus with endogenous sarc sequences (40) , and then have a td deletion and other changes give rise to a leukemia virus.
